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DIFFUSELY REFLECTING MULTILAYER 
POLARIZERS AND MIRRORS 

Background 

5 The physical downsizing of microprocessor based technologies has led to 

portable personal computers, pocket secretaries, wireless phones and pagers. All 
of these devices, and also other devices such as clocks, watches, calculators, 
etc., have die common need for a low power consumption data display screen to 
extend the useful working time between battery replacements or battery charges. 

10 The common Liquid Crystal Display (LCD) is often used as the display 

for such devices. LCDs can be classified based upon the source of illumination. 
Reflective displays are illuminated by ambient light that enters the display from 
the front. In applications where the intensity of ambient light is insufficient for 
viewing, supplemental lighting, such as a backlight assembly, is used to 

IS illuminate the display. Some electronic displays have been designed to use 
ambient light when available and backlighting only when necessary. This dual 
function of reflection and transmission leads to the designation, "transflective". 

A limiting feature of all three types of the above described conventional 
LC displays are the dichroic polarizers conventionally used on both the front side 

20 and the rear of the LCD panel. These polarizers most commonly use a dichroic 
dyed, oriented polymer polarizer that strongly absorbs one polarization of light 
(>99%) and weakly absorbs the other polarization (5-20%). Liquid crystal 
displays use two sheets of this type of polarizer combined with a liquid crystal 
panel to selectively allow transmission of light. The absorption by the dichroic 

25 polarizers greatly reduces the brightness and contrast in both reflective and 
backlit displays. 

Another drawback to convention LCDs is that the reflector placed behind 
the backlight assembly are typically only about 94-96% reflective. In other 
words, these reflectors absorb between 4-6% of the light at each reflection. 
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Given that light may experience several reflections before exiting the backlight 
cavity, this amount of absorbance leads to decreased display efficiency, 
brightness and contrast 

Thus, there is a need in the art for polarizers and reflectors which are 
S more efficient, have higher reflectivity and better performance, and are thus able 
to contribute to enhanced display efficiency, brightness and contrast. 

Summary 

Highly efficient diffusely reflecting multilayer mirrors diffusely reflect light 
10 incident upon them. Highly efficient diffusely reflecting multilayer polarizers 
diffusely reflects light of one polarization while diffusely transmitting the other 
polarization. The diffusely reflecting mirror includes a light diffusing element and a 
multilayer mirror element. The diffusely reflecting polarizer includes a light 
diffusing element and a multilayer reflective polarizing element. The diffusing 
IS element for the diffusely reflecting polarizer preferably has a relatively low 
percentage of depolarization and backscatter (back reflection). 

Brief Description of the Drawings 
In the drawings, where like numerals refer to like elements throughout the 
20 several views: 

Figure 1A shows a block diagram of the present diffusely reflecting 
mirror, and Figure IB shows a block diagram of the present diffusely reflecting 
polarizer. 

Figures 2A, 2B and 2C show the multilayer optical film which is used to 
25 make the preferred reflective polarizing element and reflective mirror element. 

Figures 3-8 show transmission spectra of the multilayer optical films 
given in Examples 1-6. 



30 



Detailed Description 
This invention is related to highly efficient diffusely reflecting mirrors which 
diffusely reflect light incident upon them. This invention is also related to highly 
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efficient diffusely reflecting polarizers that diffusely reflect light of a selected 
polarization, and diffusely transmit the orthogonal polarization. The diffusely 
reflecting polarizers and mirrors are useful, for example, in LCD's used in either a 
reflective or transflective mode, in front lit LC projection screens, and in backlit 
5 signage. 

The basic construction of the diffusely reflecting polarizer is shown in 
Figure 1 A, and includes a reflective polarizing element 8 and a diffusing element 6. 
Light ray 10 is of the polarization transmitted by reflective polarizing element 8. 
Light ray 1 1 is of the polarization that is reflected by reflective polarizing element 8. 
10 Diffusing element 6 causes ray 1 1 to be diffusely reflected, forming rays 12, 14 and 
15, for example. 

The diffusing element 6 randomizes the direction of transmitted ray 10, 

resulting in transmitted rays 16, 17 and 18. This randomization of the direction of 

light of transmitted rays 16, 17 and 18 is useful in applications that require viewing 
IS light transmitted by a reflective polarizers over a range of angles. For example, the 

diffusely reflecting polarizer may be used as the transflector in a transflective LC 

display, or as the reflector in a reflective LCD. 

Figure IB shows the basic construction of a diffusely reflecting mirror 23. 

Diffusely reflecting mirror 23 includes a multilayer mirror element 28 and a 
20 diffusing element 26. Diffusely reflecting mirror 23 diffusely reflects rays of both 

polarizations 21 and 27 to create diffusely reflected rays 22, 24 and 26, and 

diffusely reflected rays 28, 29 and 30, respectively. 

The diffusely reflecting mirror is useful in applications where diffuse 

reflectance is desirable, such as backlight reflectors in liquid crystal displays, and 
25 other display systems. For high efficiency applications, such as LCDs, the 

multilayer mirror desirably has a reflectance of 80%, more preferably 90%, more 

preferably 95%, and even more preferably 99% in both polarizations, for light 

incident at both normal and high angles. 

The diffusing elements 6 (for the diffusely reflecting polarizer) and 26 (for 
30 the diffusely reflecting mirror) may be any structure or material capable of reducing 

the directionality of a beam of light reflecting off of the surface of the reflective 
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polarizing dement. Varying levels of diffusion can be used depending on the 
application, ranging from almost no diffusion (specular) to a very heavy amount of 
diffusion (lambertian). In general, this may be accomplished by structuring the 
reflective polarizer, adding a structured, refracting coating to the surface of the 
5 reflective polarizing element, or by adding a layer incorporating a light diffusing 
particulate material. The diffusing elements 6 and 26 should have low reflectivity, 
preferably less than 20%, more preferably less that 8%, and most preferably less 
than 4%. When used in display applications, the diffiiser layer should also have a 
low degree of altering the state of polarization of light transmitted through the 

10 diffiiser layer. In other words, the diffusing element is preferably polarization 
preserving to a large extent (as shown by ray 10 in Figure 1). Preferably over 70% 
of the light will retain the initial state of polarization after transmission through the 
difiuser layer, more preferably over 85%, most preferably over 90%. 

For reflective polarizers that have broad or localized changes in spectral 

15 reflectivity or transmission, the addition of a difiuser helps to make these variations 
more visually uniform. 

For high efficiency backlights the difiuser and mirror combination may be 
either polarization preserving or polarization scrambling. For reflective, 
transflective and transmissive displays, it may be preferred that the difiuser is 

20 polarization preserving. 

The diffusing elements 6 and 26 may be made of a transparent polymer 
matrix that incorporates transparent particles. The transparent particles should 
differ in refractive index from the matrix for at least one polarization transmitted or 
reflected by the reflective polarizing element. The diffusing layer is preferably made 

25 such that internal reflection and changes in the state of polarization is minimal. A 
birefringent or trirefringent thermoplastic matrix or light diffusing particles may be 
used as long as the fast axis of the matrix or particles is orthogonal to the first 
polarization of the reflective polarizing dement. 

Suitable thermoplastic matrix include polyethylene terephthalate, 

30 polyethylene isophthalate, 2,6-polyethylene naphthalate (its isomers), polyethylene 
butylate, copolymers of at least two of the proceeding polyesters, polyalkylacrylate, 
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polymethylmethacrylate, polyethylene, polypropylene, polymethylpentene, cellulose 
acetate butylate, polycarbonate, bisphenol A polycarbonate, and Kraton (Shell). 
The matrix may also be made from adhesive materials including crosslinked 
acrylates, polyalphaolefins, and silicone. 

5 In many applications, particularly display applications such as LCDs, it may 

be desirable to laminate or similarly adhere the diffusely reflecting polarizer or the 
diffusely reflecting mirror to other system components. In such a case, it may be 
desirably that the diffusing elements 6 or 26 are a diffusing adhesive which performs 
the dual function of diffusion and adhesion. 

10 One exemplary diffusing adhesive can be made by forming acrylic/styrene 

beads and dispersing the beads in a water based emulsion adhesive. An adhesive 
containing 5% by weight of the microspheres, was coated out on a PET liner film 
and was dried to form an 8.4 grain/4" x 6" adhesive layer. Diffusing adhesive was 
coated to 4 mils wet at 17 feet per minute. The drying oven was 30 feet in length. 

1 5 The drying temperature was 1 80° F. 

Preparation of Stvrene Particles : 

3 grams of poly(vinyl alcohol) and 9 grams of standapol-A (ammonium 
lauryl sulfate - hercules) was dissolved in 480 grams of water. 2 grams of 
20 Lucidol™-75 (75% benzoyl peroxide - Elf Atochem) was dissolved in 120g of 
styrene. The above two mixtures were blended and emulsified in a Gaulin 
homogenizer until the droplet size was approximately 2 microns. The emulsion was 
charged to a 1 liter reactor, heated to 80°C, degassed with argon and allowed to 
react for 12 hours. 

25 

Preparation ofPressure-Sensitve Adhesive Micro particles bv Suspension 
Polymerization Method 

1 gram of sodium dodecyl benzene sulfonate was dissolved in 360 grams of 
deionized water. 2.4 grams of polyethylene oxide)i6 acrylate (PEO), 4.8 grams of 
30 acrylic acid and 1.05 grams of Lucidol™75 (75% benzoyl peroxide from Elf 
Atochem) were dissolved in 232.8 grams of iso-octyl acrylate (IOA). The above 
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mixture was emulsified in a Gaulin homogenizer such that the droplet size was 
1 micron or less. This emulsion was then charged t 1 liter reactor, stirred at 
400 RPM and heated to 65°C for 4 hours. The 97/2/1 IOA/AA/PEO resulting 
particles had a size of approximately 2 microns as viewed with an optical 
5 microscope and had an index of refraction of 1 .47. 

Light-Diffusing Adhesive Preparation 

440 grams of the above Pressure Sensitive Adhesive Suspension was 
blended with 58 grams of the above polystyrene) suspension, 1.5 grams of Triton 
10 GR-5M (Rohm & Haas) and 1.8 grams Polyphobe 104 (Union Caibide). The 
mixture was neutralized with ammonium hydroxide to a pH of 8.3. The diffuser 
adhesive solution was coated onto a PET release liner at 4 mils wet and dried at 
65C for 10 minutes. The dried light-diffusing adhesive films was then transferred to 
the polarizing film. 

15 

Multilayer Optical Film 

The diffusely reflective mirrors and polarizers described herein rely on the 
unique and advantageous properties of multilayer optical films. The advantages, 
characteristics and manufacturing of such films are most completely described in 

20 the above mentioned copending and commonly assigned U.S. Patent Application 
08/402,041, filed March 10, 1995, titled OPTICAL FILM. The multilayer optical 
film is useful, for example, as highly efficient mirrors and/or polarizers. A relatively 
brief description of the properties and characteristics of the multilayer optical film is 
presented below followed by a description of illustrative embodiments of backlight 

25 systems using the multilayer optical film according to the present invention. 

Multilayer optical films as used in conjunction with the present invention 
exhibit relatively low absorption of incident light, as well as high reflectivity for 
off-axis as well as normal light rays. These properties generally hold whether the 
films are used for pure reflection or reflective polarization of light. The unique 

30 properties and advantages of the multi-layer optical film provides an opportunity to 
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design highly eflBcient backlight systems which exhibit low absorption 1 sses when 
compared to known backlight systems. 

An exemplary multilayer optical film of the present invention as illustrated in 
Figures 2A and 2B includes a multilayer stack 10 having alternating layers of at 
5 least two materials 12 and 14. At least one of the materials has the property of 
stress induced birefringence, such that the index of refraction (n) of the material is 
affected by the stretching process. Figure 2A shows an exemplary multilayer stack 
before the stretching process in which both materials have the same index of 
refractioa Light ray 13 experiences no index of refraction change and passes 

10 through the stack. In Figure 2B the same stack has been stretched, thus increasing 
the index of refraction of material 12. The difference in refractive index at each 
boundary between layers will cause part of ray 15 to be reflected. By stretching the 
multilayer stack over a range of uniaxial to biaxial orientation, a film is created with 
a range of reflectivities for differently oriented plane-polarized incident light. The 

15 multilayer stack can thus be made useful as reflective polarizers or mirrors. 

Multilayer optical films constructed according to the present invention 
exhibit a Brewster angle (the angle at which reflectance goes to zero for light 
incident at any of the layer interfaces) which is very large or is nonexistent. In 
contrast, known multilayer polymer films exhibit relatively small Brewster angles at 

20 layer interfaces, resulting in transmission of light and/or undesirable iridescence. 
The multilayer optical films according to the present invention, however, allow for 
the construction of mirrors and polarizers whose reflectivity for p polarized light 
decrease slowly with angle of incidence, are independent of angle of incidence, or 
increase with angle of incidence away from the normal. As a result, multilayer 

25 stacks having high reflectivity for both s and p polarized light over a wide 
bandwidth, and over a wide range of angles can be achieved. 

Figure 2C shows two layers of a multilayer stack, and indicates the three 
dimensional indices of refraction for each layer. The indices of refraction for each 
layer are nix, nly, and nlz for layer 102, and n2x, n2y, and n2z for layer 104. The 

30 relationships between the indices of refraction in each film layer to each other and to 
those of the other layers in the film stack determine the reflectance behavior of the 
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multilayer stack at any angle of incidence, from any azimuthai direction. The 
principles and design considerations described in U.S. patent application Serial 
Number 08/402,041 can be applied to create multilayer stacks having the desired 
optical effects for a wide variety of circumstances and applications. The indices of 
5 refraction of the layers in the multilayer stack can be manipulated and tailored to 
produce the desired optical properties. 

Referring again to Figure 2B, the multilayer stack 10 can include tens, 
hundreds or thousands of layers, and each layer can be made from any of a number 
of different materials. The characteristics which determine the choice of materials 
10 for a particular stack depend upon the desired optical performance of the stack. 
The stack can contain as many materials as there are layers in the stack. For ease of 
manufacture, preferred optical thin film stacks contain only a few different 
materials. 

The boundaries between the materials, or chemically identical materials with 

15 different physical properties, can be abrupt or gradual. Except for some simple 
cases with analytical solutions, analysis of the latter type of stratified media with 
continuously varying index is usually treated as a much larger number of thinner 
uniform layers having abrupt boundaries but with only a small change in properties 
between adjacent layers. 

20 The preferred multilayer stack is comprised of low/high index pairs of film 

layers, wherein each low/high index pair of layers has a combined optical thickness 
of 1/2 the center wavelength of the band it is designed to reflect. Stacks of such 
films are commonly referred to as quarterwave stacks. For multilayer optical films 
concerned with the visible and the near infrared wavelengths, a quarterwave stack 

25 design results in each of the layers in the multilayer stack having an average 
thickness of not more than 0.5 microns. 

In those applications where reflective films (e.g. mirrors) are desired, the 
desired average transmission for light of each polarization and plane of incidence 
generally depends upon the intended use of the reflective film. One way to produce 

30 a multilayer mirror film is to biaxially stretch a multilayer stack which contains a. 
birefringent material as the high index layer of the low/high index pair. For a high 
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efficiency reflective film, average transmission along each stretch direction at 
normal incidence over the visible spectrum (400-700nm) is desirably less than 10% 
(reflectance greater than 90%), preferably less than 5% (reflectance greater than 
95%), more preferably less than 2% (reflectance greater than 98%) , and even more 
5 preferably less than 1% (reflectance greater than 99%). The average transmission 
at 60 degrees from the normal from 400-700 nm is desirably less than 20% 
(reflectance greater than 80%), preferably less than 10% (reflectance greater than 
90%), more preferably less than 5% (reflectance greater than 95%), and even more 
preferably less than 2% (reflectance greater than 98%), and even more preferably 
10 less than 1% (reflectance greater than 99%). 

In addition, asymmetric reflective films may be desirable for certain 
applications. In that case, average transmission along one stretch direction may be 
desirably less than, for example, 50%, while the average transmission along the 
other stretch direction may be desirably less than, for example 20%, over a 
15 bandwidth of; for example, the visible spectrum (400-700 nm), or over the visible 
spectrum and into the near infrared (e.g., 400-850 nm). 

Multilayer optical films can also be designed to operate as reflective 
polarizers. One way to produce a multilayer reflective polarizer is to uniaxially 
stretch a multilayer stack. The resulting reflective polarizers have high reflectivity 
20 for light with its plane of polarization parallel to one axis (in the stretch direction) 
for a broad range of angles of incidence, and simultaneously have low reflectivity 
and high transmissivity for light with its plane of polarization parallel to the other 
axis (in the non-stretch direction) for a broad range of angles of incidence. By 
controlling the three indices of refraction of each film, nx, ny and nz, the desired 
25 polarizer behavior can be obtained. 

For many applications, the ideal reflecting polarizer has high reflectance 
along one axis (the so-called extinction axis) and zero reflectance along the other 
(the so-called transmission axis), at all angles of incidence. For the transmission 
axis of a polarizer, it generally desirable to maximize transmission of light polarized 
30 in the direction of the transmission axis over the bandwidth of interest and also over 
the range of angles of interest. 

-9- 
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The average transmission at normal incidence for a polarizer in the 
transmission axis across the visible spectrum (400-700 nm for a bandwidth of 
300 nm) is desirably at least 50%, preferably at least 70%, more preferably at least 
85%, and even more preferably at least 90%. The average transmission at 60 

5 degrees from the normal (measured along the transmission axis for p-polarized 
light) for a polarizer from 400-700 nm is desirably at least 50%, preferably at least 
70%, more preferably at least 80%, and even more preferably at least 90%. 

The average transmission for a multilayer reflective polarizer at normal 
incidence for light polarized in the direction of the extinction axis across the visible 

10 spectrum (400-700 nm for a bandwidth of 300 nm) is desirably at less than 50%, 
preferably less than 30%, more preferably less than 15%, and even more preferably 
less than 5%. The average transmission at 60 degrees from the normal (measured 
along the transmission axis for p-polarized light) for a polarizer for light polarized in 
the direction of the extinction axis from 400-700 nm is desirably less than 50%, 

15 preferably less than 30%, more preferably less than 15%, and even more preferably 
less than 5%. 

For certain applications, high reflectivity for p-polarized light with its plane 
of polarization parallel to the transmission axis at off-normal angles are preferred. 
The average reflectivity for light polarized along the transmission axis should be 

20 more than 20% at an angle of at least 20 degrees from the normal. 

In addition, although reflective polarizing films and asymmetric reflective 
films are discussed separately herein, it should be understood that two or more of 
such films could be provided to reflect substantially all light incident on them 
(provided they are properly oriented with respect to each other to do so). This 

25 construction is typically desired when the multilayer optical film is used as a 
reflector in a backlight system according to the present invention. 

If some reflectivity occurs along the transmission axis, the efficiency of the 
polarizer at off-normal angles may be reduced. If the reflectivity along the 
transmission axis is different for various wavelengths, color may be introduced into 

30 the transmitted light. One way to measure the color is to determine the root mean 
square (RMS) value of the transmissivity at a selected angle or angles over the 

-10- 
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wavelength range of interest. The % RMS color, ^ ^ be determined 
according to the equation: 

j((T-T) 2 ) m dA 
r - Xl 

RMS " J, 

5 

where the range XI to X2 is the wavelength range, or bandwidth, of interest, T is 

the transmissivity along the transmission axis, and T is the average transmissivity 
along the transmission axis in the wavelength range of interest. For applications 
where a low color polarizer is desirable, the % RMS color should be less than 10%, 
10 preferably less than 8%, more preferably less than 3.5%, and even more preferably 
less than 2% at an angle of at least 30 degrees from the normal, preferably at least 
45 degrees from the normal, and even more preferably at least 60 degrees from the 
normal. 

Preferably, a reflective polarizer combines the desired % RMS color along 
15 the transmission axis for the particular application with the desired amount of 
reflectivity along the extinction axis across the bandwidth of interest. For polarizers 
having a bandwidth in the visible range (400-700 ran, or a bandwidth of 300 nm), 
average transmission along the extinction axis at normal incidence is desirably less 
than 40%, more desirably less than 25%, preferably less than 15%, more preferably 
20 less than 5% and even more preferably less than 3%. 

Materials Selection and Processing 

With the design considerations described in the above mentioned U.S. 
Patent Application (Serial Number 08/402,041, one of ordinary skill will readily 
25 appreciate that a wide variety of materials can be used to form multilayer reflective 
films or polarizers according to the invention when processed under conditions 
selected to yield the desired refractive index relationships. The desired refractive 
index relationships can be achieved in a variety of ways, including stretching during 
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or after film formation (e.g., in the case of organic polymers), extruding (e.g., in the 
case f liquid crystalline materials), or coating. In addition, it is preferred that the 
two materials have similar rheological properties (e.g., melt viscosities) such that 
they can be co-extruded. 
5 In general, appropriate combinations may be achieved by selecting, as the 

first material, a crystalline or semi-crystalline material, preferably a polymer. The 
second material, in turn, may be crystalline, semi-crystalline, or amorphous. The 
second material may have a birefringence opposite of the first material. Or, the 
second material may have no birefringence, ot less birefringence than the first 
10 material. 

Specific examples of suitable materials include polyethylene naphthalate 
(PEN) and isomers thereof (e.g., 2,6-, 1,4-, 1,5-, 2,7-, and 2,3-PEN), polyalkylene 
terephthalates (e.g., polyethylene terephthalate, polybutylene terephthalate, and 
poly-l,4-cyclohexanedimethylene terephthalate), polyimides (e.g., polyacrylic 

15 imides), polyetherimides, atactic polystyrene, polycarbonates, polymethacrylates 
(e.g., polyisobutyl methacrylate, polypropylmethacrylate, polyethylmethacrylate, 
and polymethylmethacrylate), polyacrylates (e.g., polybutylacrylate and 
polymethylacrylate), syndiotactic polystyrene (sPS), syndiotactic poly-alpha-methyl 
styrene, syndiotactic polydichlorostyrene, copolymers and blends of any of these 

20 polystyrenes, cellulose derivatives (e.g., ethyl cellulose, cellulose acetate, cellulose 
propionate, cellulose acetate butyrate, and cellulose nitrate), polyalkylene polymers 
(e.g., polyethylene, polypropylene, polybutylene, y polyisobutylene, and 
poly(4-methyl)pentene), fluorinated polymers (e.g., perfluoroalkoxy resins, 
polytetrafluoroethylene, fluorinated ethylene-propylene copolymers, polyvinylidene 

25 fluoride, and polychlorotrifluoroethylene), chlorinated polymers (e.g., 
polyvinylidene chloride and polyvinylchloride), polysulfones, polyethersulfones, 
polyacrylonitrile, polyamides, silicone resins, epoxy resins, polyvinylacetate, 
polyether-amides, ionomeric resins, elastomers (e.g., polybutadiene, polyisoprene, 
and neoprene), and polyurethanes. Also suitable are copolymers, e.g., copolymers 

30 of PEN (e.g., copolymers of 2,6-, 1,4-, 1,5-, 2,7-, and/or 2,3-naphthalene 
dicarboxylic acid, or esters thereof, with (a) terephthalic acid, or esters thereof, (b) 
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isophthalic acid, or esters thereof, (c) phthalic acid, or esters thereof, (d) alkane 
glycols; (e) cycloalkane glycols (e.g., cyclohexane dimethane diol); (f) alkane 
dicarboxylic acids; and/or (g) cycloalkane dicarboxylic acids (e.g., cyclohexane 
dicarboxylic acid)), copolymers of polyalkylene terephthalates (e.g., copolymers of 

S terephthalic acid, or esters thereof, with (a) naphthalene dicarboxylic acid, or esters 
thereof, (b) isophthalic acid, or esters thereof; (c) phthalic acid, or esters thereof, 
(d) alkane glycols; (e) cycloalkane glycols (e.g., cyclohexane dimethane diol); (f) 
alkane dicarboxylic acids; and/or (g) cycloalkane dicarboxylic acids (e.g., 
cyclohexane dicarboxylic acid)), and styrene copolymers (e.g., styrene-butadiene 

10 copolymers and styrene-acrylonitrile copolymers), 4,4*-bibenzoic acid and ethylene 
glycol. In addition, each individual layer may include blends of two or more of the 
above-described polymers or copolymers (e.g., blends of sPS and atactic 
polystyrene). The coPEN described may also be a blend of pellets where at least 
one component is a polymer based on naphthalene dicarboxylic acid and other 

15 components are other polyesters or polycarbonates, such as a PET, a PEN or a 
co-PEN. 

Particularly preferred combinations of layers in the case of polarizers include 
PEN/co-PEN, polyethylene terephthalate (PET)/co-PEN, PEN/sPS, PET/sPS, 
PEN/Eastar, and PET/Eastar, where "co-PEN" refers to a copolymer or blend 
20 based upon naphthalene dicarboxylic add (as described above) and Eastar is 
polycyclohexanedimethylene terephthalate commercially available from Eastman 
Chemical Co. 

Particularly preferred combinations of layers in the case of reflective films 
include PET/Ecdel, PENZEcdel, PEN/sPS, PEN/THV, PEN/co-PET, and PET/sPS, 
25 where "co-PET" refers to a copolymer or blend based upon terephthalic acid (as 
described above), Ecdel is a thermoplastic polyester commercially available from 
Eastman Chemical Co., and THV is a fluoropolymer commercially available from 
Minnesota Mining and Manufacturing Company, St. Paul, Minnesota. 

The number of layers in the film is selected to achieve the desired optical 
30 properties using the minimum number of layers for reasons of film thickness, 
flexibility and economy. In the case of both polarizers and reflective films, the 
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number of layers is preferably less than 10,000, more preferably less than 5,000, and 
even more preferably less than 2,000. 

As discussed above, the ability to achieve the desired relationships among 
the various indices of refraction (and thus the optical properties of the multilayer 
5 film) is influenced by the processing conditions used to prepare the multilayer film. 
In the case of organic polymers which can be oriented by stretching, the films are 
generally prepared by co-extruding the individual polymers to form a multilayer film 
and then orienting the film by stretching at a selected temperature, optionally 
followed by heat-setting at a selected temperature. Alternatively, the extrusion and 
10 orientation steps may be performed simultaneously. In the case of polarizers, the 
film is stretched substantially in one direction (uniaxial orientation), while in the 
case of reflective films the film is stretched substantially in two directions (biaxial 
orientation). 

The film may be allowed to dimensionally relax in the cross-stretch direction 
IS from the natural reduction in cross-stretch (equal to the square root of the stretch 
ratio); it may simply be constrained to limit any substantial change in cross-stretch 
dimension; or it may be actively stretched in the cross-stretch dimension. The film 
may be stretched in the machine direction, as with a length orienter, or in width 
using a tenter. 

20 The pre-stretch temperature, stretch temperature, stretch rate, stretch ratio, 

heat set temperature, heat set time, heat set relaxation, and cross-stretch relaxation 
are selected to yield a multilayer film having the desired refractive index 
relationship. These variables are inter-dependent; thus, for example, a relatively low 
stretch rate could be used if coupled with, e.g., a relatively low stretch temperature. 

25 It will be apparent to one of ordinary skill how to select the appropriate 
combination of these variables to achieve the desired multilayer film. In general, 
however, a stretch ratios in the range from 1 :2 to 1 : 1 0 (more preferably 1 :3 to 1 :7) 
in the stretch direction and from 1:0.2 to 1:10 (more preferably from 1:0.3 to 1:7). 
orthogonal to the stretch direction is preferred. 

30 Suitable multilayer films may also be prepared using techniques such as spin 

coating (e.g., as described in Boese et al., J. Polym. Sci.: Part B, 30:1321 (1992) 
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for birefringent polyimides, and vacuum deposition (e.g., as described by Zang et. 
aL, Appl. Phys. Letters, 59:823 (1991) for crystalline organic compounds; the latter 
technique is particularly useful for certain combinations of crystalline organic 
compounds and inorganic materials. 
5 Exemplary multilayer reflective mirror films and multilayer reflective 

polarizers will now be described in the following examples. 

EXAMPLE 1 fPEN:THV 500. 449. Mirrort 

A coextruded film containing 449 layers was made by extruding the cast 

10 web in one operation and lata* orienting the film in a laboratory film-stretching 
apparatus. A Polyethylene naphthalate (PEN) with an Intrinsic Viscosity of 
0.53 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was delivered by one 
extruder at a rate of 56 pounds per hour and THV 500 (a fluoropolymer available 
from Minnesota Mining and Manufacturing Company) was delivered by another 

15 extruder at a rate of 1 1 pounds per hour. The PEN was on the skin layers and 50% 
of the PEN was present in the two skin layers. The feedblock method was used to 
generate 57 layers which was passed through three multipliers producing an 
extrudate of 449 layers. The cast web was 20 mils thick and 12 inches wide. The 
web was later biaxially oriented using a laboratory stretching device that uses a 

20 pantograph to grip a square section of film and simultaneously stretch it in both 
directions at a uniform rate. A 7.46 cm square of web was loaded into the stretcher 
at about 100°C and heated to 140°C in 60 seconds. Stretching then commenced at 
10%/sec (based on original dimensions) until the sample was stretched to about 
3.5x3.5. Immediately after the stretching the sample was cooled by blowing room 

25 temperature air at it. 

Figure 3 shows the transmission of this multilayer film. Curve (a) shows the 
response at normal incidence, while curve (b) shows the response at 60 degrees for 
p-polarized light. 
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EXAMPLE 2 (PENrPMMA. 601. Mirrort 

A coextruded film containing 601 layers was made on a sequential 
flat-film-making line via a coextrusion process. Polyethylene Naphthalate (PEN) 
with an Intrinsic Viscosity of 0.57 dl/g (60 wt % phenol/40 wt % dichlorobenzene) 
5 was delivered by extruder A at a rate of 114 pounds per hour with 64 pounds per 
hour going to the feedblock and the rest going to skin layers described below. 
PMMA (CP-82 from ICI of Americas) was delivered by extruder B at a rate of 61 
pounds per hour with all of it going to the feedblock. PEN was on the skin layers 
of the feedblock. The feedblock method was used to generate 1S1 layers using the 

10 feedblock such as those described in U.S. Patent 3,801,429, after the feedblock two 
symmetric skin layers were coextruded using extruder C metering about 30 pounds 
per hour of the same type of PEN delivered by extruder A. This extrudate passed 
through two multipliers producing an extrudate of about 601 layers. U.S. Patent 
3,565,985 describes similar coextrusion multipliers. The extrudate passed through 

15 another device that coextruded skin layers at a total rate of 50 pounds per hour of 
PEN from extruder A. The web was length oriented to a draw ratio of about 3.2 
with the web temperature at about 280°F. The film was subsequently preheated to 
about 310°F in about 38 seconds and drawn in the transverse direction to a draw 
ratio of about 4.5 at a rate of about 1 1% per second. The film was then heat-set at 

20 440°F with no relaxation allowed. The finished film thickness was about 3 mil. 

As seen in Figure 4, curve (a), the bandwidth at normal incidence is about 
350 nm with an average in-band extinction of greater than 99%. The amount of 
optical absorption is difficult to measure because of its low value, but is less than 
1%. At an incidence angle of 50° from the normal both s (curve (b)) and 

25 p-polarized (curve (c)) light showed similar extinctions, and the bands were shifted 
to shorter wavelengths as expected. The red band-edge for s-polarized light is not 
shifted to the blue as much as for p-polarized light due to the expected larger 
bandwidth for s-polarized light, an due to the lower index seen by the p-polarized 
light in the PEN layers. 

30 
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EXAMPLE 3 (PEN:PC!TG 449. Polarizer) 

A coextruded film containing 481 layers was made by extruding the cast 
web in one operation and later orienting the film in a laboratciy film-stretching 
apparatus. The feedblock method was used with a 61 layer feedblock and three 

5 (2x) multipliers. Thick skin layers were added between the final multiplier and the 
die. Polyethylene naphthalate (PEN) with an intrinsic viscosity of 0.47 dl/g 
(60 wt. % phenol/40 wt. % dichlorobenzene) was delivered to the feedblock by one 
extruder at a rate of 25.0 pounds per hour. Glycol modified polyethylene dimethyl 
cyclohexane terephthalate (PCTG 5445 from Eastman) was delivered by another 

10 extruder at a rate of 25.0 pounds per hour. Another stream of PEN from the above 
extruder was added as skin layers after the multipliers at a rate of 25.0 pounds per 
hour. The cast web was 0.007 inches thick and 12 inches wide. The web was layer 
uniaxially oriented using a laboratory stretching device that uses a pantograph to 
grip a section of film and stretch it in one direction at a uniform rate while it is 

15 allowed to freely relax in the other direction. The sample of web loaded was about 
5.40 cm wide (the unconstrained direction) and 7.45 cm long between the grippers 
of the pantograph. The web was loaded into the stretcher at about 100°C and 
heated to 135°C for 45 seconds. Stretching was then commenced at 20%/second 
(based on original dimensions) until the sample was stretched to about 6:1 (based 

20 on gripper to gripper measurements). Immediately after stretching, the sample was 
cooled by blowing room temperature air at it. In the center, the sample was found 
to relax by a factor of 2.0. 

Figure 5 shows the transmission of this multilayer film where curve a shows 
transmission of light polarized in the non-stretch direction at normal incidence, 

25 curve b shows transmission of p-polarized light polarized in the non-stretched 
direction at 60° incidence, and curve c shows the transmission of light polarized in 
the stretch direction at normal incidence. Average transmission for curve a from 
400-700nm is 89.7%, average transmission for curve b from 400-700nm is 96.9%, 
and average transmission for curve c from 400-700nm is 4.0%. % RMS color for 

30 curve a is 1.05%, and %RMS color for curve b is 1.44%. 
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EXAMPLE 4 fPEN:CoPER 601. Polarizert 

A coextruded film containing 601 layers was made on a sequential 
flat-film-making line via a coextrusion process. A Polyethylene naphthalate (PEN) 
with an intrinsic viscosity of 0.54 dl/g (60 wt % Phenol plus 40 wt % 
5 dichlorobenzene) was delivered by on extruder at a rate of 75 pounds per hour and 
the coPEN was delivered by another extruder at 65 pounds per hour. The coPEN 
was a copolymer of 70 mole % 2,6 naphthalene dicarboxylate methyl ester, 15 % 
dimethyl isophthalate and 15% dimethyl terephthalate with ethylene glycol The 
feedblock method was used to generate 151 layers. The feedblock was designed to 

10 produce a stack of films having a thickness gradient from top to. bottom, with a 
thickness ratio of 1 .22 from the thinnest layers to the thickest layers. The PEN skin 
layers were coextruded on the outside of the optical stack with a total thickness of 
8% of the coextruded layers. The optical stack was multiplied by two sequential 
multipliers. The nominal multiplication ratio of the multipliers were 1.2 and 1.27, 

15 respectively. The film was subsequently preheated to 310°F in about 40 seconds 
and drawn in the transverse direction to a draw ratio of about 5.0 at a rate of 6% 
per second. The finished film thickness was about 2 mils. 

Figure 6 shows the transmission for this multilayer film. Curve a shows 
transmission of light polarized in the non-stretch direction at normal incidence, 

20 curve b shows transmission of p-polarized light at 60° incidence, and curve c shows 
transmission of light polarized in the stretch direction at normal incidence. Note the 
very high transmission of p-polarized light in the non-stretch direction at both 
normal and 60° incidence (80-100%). Also note the very high reflectance of light 
polarized in the stretched direction in the visible range (400-700nm) shown by 

25 curve c. Reflectance is nearly 99% between 500 and 650nm. 

EXAMPLE 5 (PEN:sPS. 481. Polarizer! 

A 481 layer multilayer film was made from a polyethylene naphthalate 
(PEN) with an intrinsic viscosity of 0.56 dl/g measured in 60 wt. % phenol and 
30 40 wt % dichlorobenzene purchased from Eastman Chemicals and a syndiotactic 
polystyrene (sPS) homopolymer (weight average molecular weight = 200,000 
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Daltons, sampled from Dow Corporation). The PEN was on the outer layers and 
was extruded at 26 pounds per hour and the sPS at 23 pounds per hour. The 
feedblock used produced 61 layers with each of the 61 being approximately the 
same thickness. After the feedblock three (2x) multipliers were used. Equal 

5 thickness skin layers containing the same PEN fed to the feedblock were added 
after the final multiplier at a total rate of 22 pounds per hour. The web was 
extruded through a 12" wide die to a thickness of about 0.01 1 inches (0.276 mm). 
The extrusion temperature was 290°C. 

This web was stored at ambient conditions for nine days and then uniaxially 

10 oriented on a tenter. The film was preheated to about 320°F (160°C) in about 25 
seconds and drawn in the transverse direction to a draw ratio of about 6: 1 at a rate 
of about 28% per second. No relaxation was allowed in the stretched direction. 
The finished film thickness was about 0.0018 inches (0.046 mm) 

Figure 7 shows the optical performance of this PEN:sPS reflective polarizer 

IS containing 481 layers. Curve a shows transmission of light polarized in the 
non-stretch direction at normal incidence, curve b shows transmission of 
p-polarized light at 60° incidence, and curve c shows transmission of light polarized 
in the stretch direction at normal incidence. Note the very high transmission of 
p-polarized light at both normal and 60° incidence. Average transmission for curve 

20 a over 400-700 nm is 86.2%, the average transmission for curve b over 400-700 ran 
is 79.7%. Also note the very high reflectance of light polarized in the stretched 
direction in the visible range (400-700nm) shown by curve c. The film has an 
average transmission of 1.6% for curve c between 400 and 700 rim. The % RMS 
color for curve a is 3.2%, while the % RMS color for curve b is 1 8.2%. 

25 

EXAMPLE 6 fPEN:coPEN- 603. Polarizert 

A reflecting polarizer comprising 603 layers was made on a sequential 
flat-film making line via a coextrusion process. A polyethylene naphthalate (PEN) 
with an intrinsic viscosity of 0.47 dl/g (in 60 wt% phenol plus 40 wt% 
30 dichlorobenzene) was delivered by an extruder at a rate of 83 pounds (38 kg) per 
hour and the CoPEN was delivered by another extruder at 75 pounds (34 kg) per 
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hour. The CoPEN was a copolymer of 70 mole %, 2,6 naphthalene dicarb xylate 
methyl ester, IS mole % dimethyl terephthalate, and IS mole % dimethyl 
isophthalate with ethylene glycol. The feedblock method was used to generate 1S1 
layers. The feedblock was designed to produce a stack of films having a thickness 
5 gradient from top to bottom, with a thickness ratio of 1.22 from the thinnest layers 
to the thickest layers. This optical stack was multiplied by two sequential 
multipliers. The nominal multiplication ratio of the multipliers was 1.2 and 1.4, 
respectively. Between the final multiplier and the die, skin layers were added 
composed of the same CoPEN described above, delivered by a third extruder at a 

10 total rate of 106 pounds (48 kg) per hour. The film was subsequently preheated to 
300°F (150°C) in about 30 seconds and drawn in the transverse direction to a draw 
ratio of approximately 6 at an initial rate of about 20% per second. The finished 
film thickness was approximately 0.0035 inch (0.089 mm). 

Figure 8 shows the optical performance of the polarizer of Example 6. 

15 Curve a shows transmission of light polarized in the non-stretch direction at normal 
incidence, curve b shows transmission of p-polarized light m the nonstretch 
direciton at 50 degree angle of incidence, and curve c shows transmission of light 
polarized in the stretch direction at normal incidence. Note the very high 
transmission of light polarized in the non-stretch direction. Average transmission 

20 for curve a over 400-700 nm is 87%. Also note the very high reflectance of light 
polarized in the stretched direction in the visible range (400-700nm) shown by 
curve c. The film has an average transmission of 2.5% for curve c between 400 and 
700 nm. The % RMS color for curve b is 5%. 
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Claims 

1 . A diffusely reflecting polarizer, comprising: 
a diffusing element; and 
5 a reflective polarizing element, the reflective polarizing element comprising 

a multilayer optical film which reflects at least 80% of normal light of a first 
polarization and at least 80% of light of the first polarization incident at an angle 60 
degrees from normal. 

10 2. The diffusely reflecting polarizer of claim 1 wherein the reflective polarizing 
element transmits at least 80% of normal light of a second polarization and 
transmits at least 80% of light of the second polarization incident at an angle 60 
degrees from normal. 

15 3. The diffusely reflecting polarizer of claim 1, wherein the reflective polarizing 
element reflects at least 90% of normal light of the first polarization and reflects at 
least 90% of normal light of the first polarization incident at an angle 60 degrees 
from normal. 

20 4. The diffusely reflecting polarizer of claim 3 wherein the reflective polarizing 
element transmits at least 90% of normal light of a second polarization and 
transmits at least 90% of light of the second polarization incident at an angle 60 
degrees from normal. 

25 5. The diffusely reflecting polarizer of claim 1, wherein the diffusing element 
comprises a diffusing adhesive. 
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6. A diffiisety reflecting mirror, comprising: 
a diffusing element; and 

a reflective mirror element, the reflective mirror element comprising a 
multilayer optical film which reflects at least 80% of normal light and at least 80% 
5 of light incident at an angle 60 degrees from the normal. 

7. The diffusely reflecting mirror of claim 6 wherein the reflective mirror 
element reflects at least 95% of normal light and reflects at least 95% of light at an 
angle 60 degrees from normal. 

10 

8. The diffusely reflecting mirror of claim 6, wherein the diffusing element 
comprises a diffusing adhesive. 
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